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The developmental expression of neuropeptide Y (NPY) and
leucine-enkephalin (L-Enk) was examined in embryonic, ear-
ly postnatal, and adult chromaffin cells with double- and
triple-label immunocytochemical techniques and compared
to the expression of immunoreactivity for tyrosine hydrox-
ylase (TH) and phenylethanolamine N-methyltransferase
(PNMT). in addition, the establishment of preganglionic in-
nervation was assessed by labeling for choline acetyltrans-
ferase (ChAT) and L-Enk. NPY-IR was detectable on embry-
onic (E) day 15 in a clustered subpopulation of TH-IR cells.
L-Enk and PNMT-IR cells were initially present on E16 in a
separate nonclustered population of TH-IR cells. By late em-
bryonic development, twice as many TH-IR cells expressed
NPY and 4 times as many expressed L-Enk as in the aduit.
In contrast to early embryonic development, NPY-IR was
evident in both the clustered and nonclustered subpopula-
tion of TH-IR cells at this time. The proportion of NPY-IR
chromaffin cells decreased to adult values during the first
postnatal week at the time when obviously clustered TH-IR
cells were no longer observed. The embryonic rise in the
proportion of L-Enk-IR cells correlates with the develop-
mental increase in glucocorticoid production, while the post-
natal decrease corresponds to the appearance of ChAT-IR
in the preganglionic innervation of the adrenal meduila. These
results indicate that NPY and L-Enk are expressed at dif-
ferent times and in different subpopulations of cells in the
embryonic adrenal. Further, the observation that peptide
expression by chromaffin cells undergoes marked changes
during development raises the possibility that a number of
factors including developmental history, environmental sig-
nals and impulse activity play a role in the regulation of
neuropeptide expression in sympathoadrenal derivatives of
the neural crest.

The sympathoadrenal lineage of the neural crest gives rise to
sympathetic neurons, adrenal chromaffin cells, and small in-
tensely fluorescent (SIF) cells. Although these cell types differ
in morphology and position in the animal, they are similar in
that they contain catecholamines and neuropeptides. For ex-
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ample, most rat sympathetic neurons contain norepinephrine
and NPY (Lundberg et al., 1982) or enkephalin (Schultzberg et
al., 1979), while chromaffin cells contain norepinephrine or epi-
nephrine and NPY (de Quidt and Emson, 1986; Schalling et al.,
1988) or enkephalin (Schultzberg et al., 1978; Bohn et al., 1983).

Attention has focused on the development of catecholaminer-
gic properties and possible mechanisms that regulate their
expression in cells of the sympathoadrenal lineage. The acqui-
sition of noradrenergic traits occurs early in the developmental
history of sympathetic neurons and adrenomedullary cells.
Expression of catecholamine histofluorescence and immuno-
reactivity for synthetic enzymes is first detectable in sympathetic
precursors when neural crest cells begin to aggregate to form
sympathetic ganglia (DeChamplain et al., 1970; Cochard et al.,
1979; Teitelman et al., 1979; Rothman et al., 1980). In the
adrenomedullary system, TH-IR precursor cells undergo a sec-
ondary migration from the sympathetic chain into the forming
adrenal gland. The precursor cells continue to express TH-IR
during migration and subsequently in the adrenal gland (Ver-
hofstad et al., 1979; Bohn et al., 1981; Henion and Landis,
unpublished observations). Although the time course of ap-
pearance of catecholaminergic properties has been well-de-
scribed, the mechanisms responsible for their induction and
regulation in developing sympathetic neurons and chromaffin
cells in vivo are unclear. Primary induction of TH appears to
be influenced by the migration route which the neural crest cells
follow to the ganglion or by the local ganglionic environment
(Cohen, 1972; Norr, 1973; LeDourain and Teillet, 1974; Teillet
et al., 1978; Howard and Bronner-Fraser, 1985, 1986). Once
TH is expressed, nerve growth factor (NGF; Thoenen et al.,
1971; Otten et al., 1977; Max et al. 1978), cell contact (Acheson
and Thoenen, 1983), and impulse activity (Mueller et al., 1969a,
b; Joh et al., 1973; Zigmond, 1985) influence levels of the en-
zyme. Subsequent to the arrival of the last precursors in the
adrenal gland, a subpopulation of chromaffin cells expresses
phenylethanolamine N-methyltransferase (PNMT; Bohn et al.,
1981), the enzyme that catalyzes the conversion of noradren-
aline to adrenaline. The mechanism responsible for the initial
induction of PNMT in chromaffin cells is unknown, although
glucocorticoids produced by adrenal cortical cells regulate the
levels of PNMT subsequently (Wurtman and Axelrod, 1966;
Bohn et al., 1981; Teitelman et al., 1982; Grothe et al., 1985).

While the appearance of adrenergic traits in the sympathoad-
renal lineage is well documented and regulatory mechanisms
have been postulated, relatively little is known about the expres-
sion and regulation of peptidergic properties during develop-
ment. There have been few reports of the timing of initial peptide
expression in this lineage; for example, it is not known when



neuropeptides first appear in rat adrenal chromaffin cells. De-
velopmental studies of neuropeptide expression by sympa-
thoadrenal cells in chick and quail provide evidence that some
of the peptides examined appear to be expressed early and that
the number of cells expressing a particular peptide varies during
development (Fontaine-Perus et al.,1982; Hayashi et al., 1983;
Maxwell et al., 1984; Garcia-Arraras et al., 1984, 1987, New
and Mudge, 1986).

As a first step in determining the cellular and molecular mech-
anisms that determine neuropeptidergic phenotypes of sym-
pathoadrenal derivatives of mammalian neural crest, we have
examined the developmental expression of NPY and L-Enk in
rat adrenal chromaffin cells using immunocytochemical tech-
niques and compared it to the expression of PNMT. Adrenal
chromaffin cells are well suited for investigating neuropeptide
expression because subpopulations of mature rat adrenal chro-
maffin cells are known to synthesize the neuropeptides NPY
and L-Enk (Schultzberg et al., 1978; Bohn et al., 1983; de Quidt
and Emson, 1986; Schalling et al., 1988), and comparisons can
be made with the development of catecholamine properties in
the same cells. In addition, peptide expression in chromaffin
cells, in contrast to sympathetic neurons, is uncomplicated by
possible modulation by interactions with target tissues. We have
found that neuropeptides and PNMT are expressed early in
embryonic development and that the proportions of peptide
containing chromaffin cells are much greater during late em-
bryonic development than during early embryonic development
and in the adult. The timing and pattern of expression of neu-
ropeptides during development suggest that the local environ-
ment influences the primary induction and subsequent regula-
tion of neuropeptides in adrenal chromaffin cells.

Materials and Methods

Animals. Timed pregnant, newborn, and adult Sprague-Dawley rats
were obtained from Zivic-Miller (Zelienople, PA). Embryos were con-
sidered to be embryonic day 0.5 on the morning after a midnight breed-
ing. Additionally, at the time of death, embryos were staged by ex-
amination of external features according to Christie (1962). Rats of both
sexes weighing 200-250 gm were used in experiments on adult rats.
Adrenal glands from embryos were dissected quickly and immersion-
fixed for 1.5 hr at room temperature in 4% paraformaldehyde in 0.1m
phosphate buffer, pH 7.4. Newborn and adult rats were killed by ether
inhalation and perfused through the heart with phosphate-buffered para-
formaldehyde for 10 min at room temperature. After perfusion, the
adrenal glands were removed and further fixed in the paraformaldehyde
solution for 50 min. The tissues were then rinsed in 0.1 M phosphate
buffer and equilibrated in 30% sucrose in phosphate buffer for 12-24
hr at 4°C. Adrenal glands were frozen individually onto cryostat chucks
with O.C.T. compound (Miles Laboratories). Seven micron cryostat
sections were cut, mounted on gelatin-coated slides, and processed for
immunocytochemistry.

Antisera. Several antisera that recognize neuropeptides were used. In
many experiments, the peptide antisera employed had been raised in
rabbits and were obtained commercially. NPY antiserum was purchased
from Amersham (Arlington Heights, IL) and L-Enk antiserum from
Incstar (Stillwater, MN). The commercial peptide antisera exhibited no
specific labeling in tissue sections when preincubated with the appro-
priate peptide antigen (10 ug/ml for L-Enk; 50 ug/ml for NPY). L-Enk
and M-Enk peptides were obtained from Peninsula Laboratories (Bel-
mont, CA). The L-Enk antiserum cross-reacted to a small extent with
methionine-enkephalin peptide as assessed by a slight decrease in the
intensity of staining in tissue sections when the primary antiserum was
preincubated with this peptide. Since tissue sections of adult adrenal
glands exhibited no specific staining when incubated with a M-Enk-
specific antiserum (Incstar), it seems likely that the enkephalin immu-
noreactivity revealed with the L-Enk antiserum is that of L-Enk. For
colocalization studies, we generated a guinea pig antiserum against por-
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cine NPY (Peninsula Laboratories) which was conjugated to keyhole
limpet hemocyanin via a glutaraldehyde linkage. The reactivity of the
guinea pig antiserum for NPY was tested by dot blot and ELISA analysis.
The antiserum recognized human NPY (Peninsula) at dilutions up to
1:100,000. Preincubation of the antiserum at a dilution of 1:100 with
25 ug/ml of NPY completely blocked the recognition of NPY in ELISA
assays. Staining in sections of various tissues, including adrenal gland
and superior cervical ganglion, was identical to that observed with the
commercial NPY antiserum, and all specific staining of the tissue sec-
tions was eliminated by preincubation of the antiserum with 50 ug/ml
of NPY.

Antisera that recognized transmitter synthetic enzymes were obtained
from several sources. A monoclonal antibody that recognized TH (gen-
erous gift of A. Acheson, University of Alberta, Edmonton) was raised
against TH purified from the rat pheochromocytoma line (Rohrer et al.,
1986). Identical results were obtained with a TH antiserum (generous
gift of J. Thibault, College de France, Paris) that was raised in rabbit
against TH purified from the rat pheochromocytoma line (Thibault et
al., 1981). The PNMT antiserum was obtained from Eugene Tech (Al-
lendale, NJ). The ChAT antiserum (generous gift of M. Epstein, Uni-
versity of Wisconsin-Madison, Madison, WI) was generated in rabbit
against ChAT purified from chicken brain (Johnson and Epstein, 1986).
A mouse monoclonal antibody to neurofilament 160 kDa (NF160) was
obtained from Sigma.

The following secondary antisera were used in various experiments:
tetramethylrhodamine isothiocyanate-conjugated goat anti-rabbit (Tago;
Burlingame, CA), fluorescein isothyocyanate-conjugated goat anti-mouse
and goat anti-guinea pig (Antibodies Incorporated, Davis, CA), bioti-
nylated goat anti-guinea pig (Vector Laboratories, Burlingame, CA),
streptavidin-Texas Red (Amersham), and 7-amino-4-methylcoumarin-
3-acetic acid (AMCA)-conjugated goat anti-rabbit (Jackson
ImmunoResearch). These secondary antisera were chosen on the basis
of their specificity of reactivity with primary antisera of the same species.
Each secondary antiserum was tested on tissue sections labeled with
primary antisera of the other species. For example, the goat anti-mouse
FITC was incubated with adrenal sections labeled with a primary anti-
serum generated in rabbit and sections labeled with a primary antiserum
generated in guinea pig. No reactivity of any of the secondary antisera
listed above was observed with primary antisera of an inappropriate
species.

Light microscopic immunocytochemistry. Cryostat sections were pro-
cessed for indirect immunofluorescence according to the method of
Coons (1958). Briefly, sections were incubated with antiserum to NPY,
L-Enk, PNMT, or ChAT or with the TH or NF160 monoclonal antibody
in a humid chamber for 12-24 hr. All antisera were diluted in a buffer
containing 0.5 M NaCl, 0.01m phosphate buffer, pH 7.3, 0.1% sodium
azide, and 5% BSA. After incubation with a primary antiserum or an-
tibody, the sections were rinsed in PBS and incubated with a species-
appropriate secondary antiserum diluted in the same buffer used for
dilution of primary antisera for 2 hr at room temperature in a humid
chamber. Sections incubated with biotinylated goat anti-guinea pig anti-
serum were washed in PBS and incubated for 1 hr at room temperature
in streptavidin-Texas red. The sections were then rinsed in PBS, mount-
ed in glycerin/PBS (1:1), and examined with a Zeiss microscope equipped
with epifluorescence and rhodamine, fluorescein, and True blue filter
sets.

Double- and triple-labeling experiments. The proportions of chro-
maffin cells expressing NPY, L-Enk, or PNMT were determined using
double-label immunocytochemical techniques at various times during
development. Since all chromaffin cells contain TH, it was possible to
label the entire chromaffin cell population with the TH monoclonal
antibody. Because the antisera against NPY, L-Enk, and PNMT were
raised in rabbit, sections were incubated with one of these antisera and
subsequently with the TH monoclonal antibody; labeling of the different
primary antisera was detected with appropriate secondary antisera con-
jugated to distinct fluorophores. Routinely, sections were incubated
overnight with either a peptide or the PNMT antiserum, rinsed in PBS,
and incubated with rhodamine-conjugated goat anti-rabbit secondary
antiserum for 2 hr. After incubation in the first secondary, sections were
rinsed in PBS and incubated with the TH monoclonal antibody for 0.5-
12 hr, rinsed in PBS, and incubated with fluorescein-conjugated goat
anti-mouse antiserum for 0.5-2 hr, rinsed in PBS and mounted. Entire
sections of the adrenal gland were randomly selected and photographed
with both excitation conditions. Photographic montages were made
which represented the entire section and cells were counted using a 1
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cm? grid. At least 3 sections stained for each antigen at each age were
counted. TH-immunoreactive (IR)-chromaffin cells at the intersection
of grid lines were counted as positive or negative for a particular antigen
and expressed as a percentage of the total number of sampled cells
(percent, TH-positive cells).

The possible coexistence of NPY, L-Enk, and PNMT in subpopu-
lations of TH-IR chromaffin cells was examined by double- and triple-
labeling frozen tissue sections with different combinations of antisera
or antibody elution experiments. Double- and triple-labeling experi-
ments were performed in 1 of 2 ways. In some experiments, tissue
sections were incubated sequentially in antiserum combinations as de-
scribed above with the addition of sets of primary and secondary antisera
in succession for a total of 2 or 3 different sets. In the other experiments,
tissue sections were incubated with a solution containing 2 or 3 primary
antisera each generated in a different species overnight at room tem-
perature, washed, and incubated with 2 or 3 secondary antisera, each
conjugated to a different fluorophore and distinguished with separate
filter sets. Cell counts were performed as described above. Comparable
results were obtained with both methods. Antibody elution experiments,
according to the method of Tramu et al. (1978), were performed when
different antisera were raised in the same host species. Briefly, sections
were labeled with the peptide antiserum and appropriate secondary
antiserum and photographed. The sections were then rinsed in a solution
of 5% H,SO, and 3% potassium permanganate. Control sections were
analyzed in 2 ways for each experiment in order to determine the ap-
propriate elution time. First, after the elution, sections were examined
for any remaining fluorescence due to residual secondary antiserum.
Second, postelution sections were reincubated with the secondary anti-
serum and examined for specific fluorescence to ensure complete elution
of the primary antiserum.

Results

Colocalization of neuropeptides and PNMT in adult
chromalffin cells

The neurochemical properties of chromaffin cells were first char-
acterized in adult animals. Approximately 85% of adult chro-
maffin cells were found to contain PNMT-IR, while 40 and 10%
were NPY-IR and L-Enk-IR, respectively (Fig. 1). The intensity
of NPY and L-Enk-IR was highly variable from cell to cell in
the adult. To examine whether NPY and L-Enk were colocalized
with PNMT and therefore expressed in the epinephrine-syn-
thesizing population of cells, antibody elution and double-label
studies were performed. Elution experiments showed that NPY -
IR cells were also PNMT-IR in all sections examined. Likewise,
PNMT-IR was observed in all L-Enk-IR cells (Fig. 2). Because
of the nature of the elution procedure, a small number of pep-
tide-positive and PNMT-negative cells might have been over-
looked. This is unlikely, however, since the proportions of pep-
tide- and PNMT-IR cells evident after the elution were virtually
identical to those in pre-elution control sections.

To examine the possible coexistence of peptides and PNMT
more directly, an antiserum directed against NPY was generated
in guinea pig. Double-labeling experiments showed that, in
agreement with elution experiments, NPY-IR cells were always
PNMT-IR (Fig. 1). NPY and L-Enk were not preferentially
colocalized, although NPY was found to be present in about
one-third of the L-Enk-IR population (Fig. 1). Thus, in the
adrenal of normal adult rats, the neuropeptides NPY and
L-Enk are restricted to the epinephrine-synthesizing population
of chromaffin cells. Within the PNMT-IR population, NPY and
L-Enk are evident in distinct subpopulations of cells and are
colocalized in only a small proportion of the PNMT-IR pop-
ulation. In contrast, norepinephrine, or PNMT-negative chro-
maffin cells, do not contain detectable levels of either neuro-
peptide.

Morphological development of the adrenal gland

On E15, the earliest time examined, precursor cells migrating
from the sympathetic ganglion primordium were observed en-
tering the forming adrenal gland. In the adrenal gland they es-
tablished 2 morphologically distinguishable classes of cells which
remained distinct throughout embryonic development. In the
medial portion of the gland, large clusters of densely packed
TH-IR cells were evident, while more laterally TH-IR cells were
present either alone or in small groups (Fig. 3). Many cells,
particularly in the lateral portion of the gland, appeared to ex-
tend 1 or 2 short, thick processes, often in a bipolar manner.
Medially, most cells within the large clusters were rounder and
lacked processes. In addition, the clustered cells consistently
exhibited less intense TH-IR than did nonclustered cells (Fig.
3).

With further embryonic development of the adrenal gland,
the chromaffin precursor cells reorganized within the gland to
form the medulla and the extraadrenal ganglionic complex
(EAGQC) formed a discrete structure where the chromaffin pre-
cursor cells appeared to enter the gland. On E16, individual,
grouped, and clustered TH-IR cells were scattered throughout
the forming gland with no obvious topographic organization.
The EAGC was well defined and separate from the forming
gland, exterior to the capsule. Chromafhin cells were first ob-
served to occupy the central and eventual medullary region
preferentially on E17-18. Clustered and nonclustered TH-IR
cells were generally uniform in their morphological appearance
at this time, being oval-shaped and lacking processes. Large
clusters of closely packed cells were usually found in the central
region of the gland. On E19-20, a small number of large NPY-
IR, TH-negative cells with processes was observed. Small groups
of such cells are present in the adult medulla, and it has been
suggested that they are cholinergic parasympathetic neurons
(Coupland, 1972; Aloe and Levi-Montalcini, 1980; Schalling et
al., 1988). By birth, the precursor cells were organized into a
defined medulla, and the large, distinct clusters appeared more
elongated and less densely packed. Clusters could no longer be
distinguished on the seventh postnatal day (P). The medulla
appeared uniform in cell type at this time with the exception of
the occasional large TH-negative neurons and dispersed groups
of cortical cells. Other than an increase in cell size, the general
appearance of the gland did not change with further develop-
ment.

Neuropeptide and PNMT expression during adrenal
development

NPY-IR celis were present on E15 in the forming adrenal gland
and EAGC as soon as chromaffin precursors began to invade
(Fig. 3). At this age, approximately half of the TH-IR cells in
the adrenal exhibited granular NPY-IR. The densely packed
cells in the medial portion of the gland were consistently NPY-
IR, whereas few of the more dispersed and lateral TH-IR cells
were positive. In addition, the medial clusters of NPY-IR cells
exhibited less intense TH-IR than did the more lateral popu-
lation of cells. A small increase in the proportion of NPY-IR
chromaffin cells occurred between E15 and E16. At E16, in-
tensely NPY-IR clusters of cells were present throughout the
gland, and the clustered cells appeared to be more spherical and
less intensely TH-IR. Although most of the TH-IR cells outside
of the dense clusters in the adrenal proper were NPY negative
or weakly NPY-IR, a small number exhibited intense NPY-IR.
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Figure 1. Localization of neuropeptide immunoreactivities in adult chromaffin cells. The colocalization of immunoreactivities for NPY, L-Enk,
and catecholamine synthetic enzymes was examined using triple-label immunocytochemistry. NPY-IR (a) is present in approximately 40% of the
TH-IR cells (c) and is localized exclusively in PNMT-IR cells (b, arrowheads). L-Enk-IR (e) is present in 10-15% of the TH-IR cells (f). L-Enk-
IR is present in NPY-IR cells (d, arrowheads), as well as NPY-negative cells (arrow). Scale bar, 50 um.
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Figure 2. Double labeling by antibody elution for L-Enk and PNMT
in a single section of adult adrenal medulla. L-Enk-IR (a, arrowheads)
is restricted to PNMT-IR cells (b, arrowheads). Scale bar, 20 pm.

In the EAGC, approximately half of the cells were NPY-IR.
Like the clustered cells in the gland, NPY-IR cells exhibited
weak TH-IR, while NPY-negative cells were intensely TH-IR.

The proportion of NPY-IR precursor cells increased from
about half at E15 to approximately 80% on E20 (Fig. 4). As
development proceeded, a greater proportion of cells not present
in large clusters were moderately immunoreactive; very few of
these cells, however, exhibited immunofluorescence equal to
that of the cells present in large clusters in the gland or in the
EAGC. At all times during embryonic development, the inten-
sity of NPY-IR in nonclustered cells was variable, while non-
clustered cells were invariably intensely TH-IR. Most cells in
the large clusters exhibited TH-IR that was only slightly above
background, although typically a small number of cells along
the perimeter of the clusters were intensely TH-IR (Fig. 4). The
inverse relationship between the intensities of NPY- and TH-
IR was equally pronounced in the well-delineated EAGC. Be-
tween E18 and birth, the proportion of NPY-IR cells remained
virtually constant.

After birth, there was a significant decrease in proportion of
chromaffin cells exhibiting NPY-IR. By the third postnatal day,
a large proportion of NPY-IR cells possessed immunofluores-
cence only slightly above background and were considered NPY-
negative. The proportion of chromaffin cells expressing NPY
decreased to approximately 40%, the proportion of NPY-IR
cells evident in the adult medulla, by the end of the first postnatal
week. No uniformly NPY-IR groups or clusters of cells were
observed at any time after P7 (Fig. 1). In addition to the changes
observed in the proportion of NPY-IR cells, the appearance of
the NPY-IR in cells changed. The intensity was variable from
cell to cell, and the immunoreactivity appeared less granular
than in embryonic chromaffin cells.

L-Enk-IR appeared later in chromaffin precursor cells than
did NPY-IR. No L-Enk-IR precursor cells were observed on
E15 in the adrenal proper or in the EAGC. Occasional TH-IR
cells were L-Enk-IR on El6 in the gland (Fig. 5), while only
rarely were L-Enk-IR cells observed in the EAGC; typically
these were located at the border of the gland and EAGC.
L-Enk-IR cells in both the adrenal and the EAGC were always
intensely TH-IR and not present in clusters, in contrast to the
NPY-IR cells in the EAGC. The L-Enk-IR cells exhibited a
punctate pattern of staining and were usually irregular in shape
with 1 or 2 short processes.

After the initial appearance of L-Enk-IR in a small proportion

Figure 3. NPY and TH double-label immunocytochemistry in E15
adrenal gland. Clustered NPY-IR cells (a) are present in the medial
aspect of the forming adrenal gland (arrowheads). NPY-IR cell clusters
exhibit less intense TH-IR (b, arrowheads) compared with nonclustered
cells present in the more lateral portion of the gland. Scale bar, 50 ym.

of cells on E16, striking changes occurred in L-Enk expression.
The proportion of L-Enk-IR cells increased to about 40% by
E20 (Fig. 6). Small groups, pairs, and individual cells were la-
beled, while the cells within the large clusters remained negative.
The staining intensity of L-Enk-IR was variable from cell to
cell. The proportion of cells remained constant until birth. Sub-
sequently, the proportion of intensely L-Enk-IR cells decreased
to approximately 10% by the second postnatal day and remained
constant thereafter. Staining intensity varied from moderate to
intense in the early postnatal and adult adrenal, and no obvious
grouping of positive cells was evident (Fig. 1).

In contrast to NPY but like L-Enk, no PNMT-IR cells were
observed on E15. PNMT-IR cells were first observed on E16
in approximately 35% of the TH-IR chromaffin cell population
(Fig. 7). By E18, the proportion of PNMT-IR cells had increased
to approximately 70%. PNMT-IR cells were absent not only
from the EAGC, but also from the large clusters of cells in the
adrenal gland at all times during development (Fig. 4). On P7,
when large clusters of cells were no longer evident, the propor-
tion of PNMT-IR cells represented approximately 85% of the
chromaffin cell population, equivalent to adult values (Fig. 1).

Although in the adult, NPY or L-Enk was found to be col-
ocalized with PNMT in subpopulations of chromaffin cells, dur-
ing embryonic development, NPY and PNMT were not always
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Figure 4. Triple immunocytochemical labeling of E20 adrenal gland for NPY, PNMT, and TH. Intense NPY-IR cells (@) were observed predom-
inantly in large cell clusters (asterisk), although many nonclustered cells also exhibited NPY-IR (arrow). PNMT-IR (b) was never observed in cell
clusters (asterisk), most nonclustered cells, however, were PNMT-IR (arrow). Clustered cells exhibited less intense TH-IR (c) than nonclustered

cells (arrow). Scale bar, 25 um.

colocalized. NPY was detectable at least a full day before PNMT,
Furthermore, a large number of NPY-IR cells were present in
the large clusters within the adrenal and extraadrenal ganglionic
complex, while these same cells were PNMT-negative at all
times during embryonic development. Conversely, L-Enk and
PNMT appeared to be colocalized during embryonic develop-
ment in the adrenal, but not in the EAGC; occasional L-Enk-
IR cells were present in the EAGC, while no PNMT-IR cells
were observed there. PNMT-IR and L-Enk-IR cells were first
evident on E16, and the pattern of their expression was similar
during development. PNMT-IR and L-Enk-IR cells were dis-
tributed throughout the forming adrenal but were never ob-
served in the large clusters of cells.

Appearance of ChRAT-IR and L-Enk-IR in the preganglionic
innervation of the adrenal

To determine when chromaffin cells are initially innervated by
preganglionic fibers, we examined tissue sections of adrenals
from E15 to P14 for 2 markers, ChAT and L-Enk, that char-
acterize the adult innervation. Mature adrenal chromaffin cells
are innervated by cholinergic preganglionic sympathetic fibers
from the splanchnic nerve. Most of these fibers also exhibit
L-Enk-IR as determined by antibody elution experiments (data
not shown), consistent with published results (Schultzberg et al.,
1978). No ChAT-IR fibers were observed during embryonic
development. Weakly fluorescent ChAT-IR fibers were first ap-
parent on P2, and their number and the intensity of their labeling
increased steadily until P14, at which time the innervation closely
resembled that of adult animals (Fig. 8). As with ChAT-IR, no
L-Enk-IR fibers were observed during embryonic development.

Very faint L-Enk-IR fibers were present on P5. The intensity of
L-Enk-IR fibers, however, was not equivalent to the adult until
P11-12 (see Fig. 1). While no ChAT or L-Enk-IR fibers were
observed in embryonic adrenals, bundles of fibers were observed
on E15-P0 that were labeled with antibodies to neurofilament
160 kDa (not shown). These fibers, however, were always pres-
ent in bundles and did not appear to be associated with either
TH-IR or any other cells in the gland. On E18-P0, NF160-IR
fibers appeared to be more dispersed in the gland, although no
obvious terminals on chromaffin cells were observed until P2,
Thus, the normal pattern of preganglionic innervation does not
appear to be established in the adrenal gland until after birth.

Discussion

Chromaffin cells in the adrenal medulla of the adult rat exhibit
several different neurochemical phenotypes. Most chromaffin
cells, approximately 85%, produce epinephrine as indicated by
immunoreactivity to antibodies against PNMT, while the re-
maining chromaffin cells produce norepinephrine. These pro-
portions are consistent with published reports (Hillarp and Hok-
felt, 1953; Eranko, 1955; Coupland, 1965; Doupe et al., 1985).
In addition, subsets of chromaffin cells in the adult contain the
neuropeptides, NPY and L-Enk. Using antibody elution and
double- and triple-label immunocytochemical techniques, we
have found that L-Enk-containing cells are restricted to the
PNMT-IR chromaffin cell population in the adult rat as pre-
viously described in bovine and hamster adrenal (Livett et al.,
1982; Pelto-Huikko et al., 1982). We found that 10-15% of the
cells in adult rats contained L-Enk, in contrast to previous
reports (Bohn et al., 1983). When guinea pig anti-NPY and
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Figure 5. Double immunocytochemical labeling of E16 adrenal gland
for L-Enk and TH. L-Enk-IR cells (a) were first detectable at this time
and L-Enk-IR was present in approximately 10% of the TH-IR cells at

this age (b). Scale bar, 20 ym.

rabbit anti-PNMT were used on the same tissue section, NPY-
IR was evident in a subset of PNMT-IR cells. Our findings
contrast with those of a previous study (Schalling et al., 1988)
in which NPY-IR was localized in both PNMT-IR and PNMT-
negative cells when adjacent sections were analyzed. This dis-
crepancy may result from the difficulty in relocating unambig-
uously the same chromaffin cell in adjacent sections or from the
use of different antiserum dilutions. Although both L-Enk and
NPY are restricted to the PNMT-IR population, these peptides
are not always colocalized. Approximately one-third of the
L-Enk-IR cells exhibited NPY-IR. These results indicate that
there are at least 5 phenotypically distinct subpopulations of
adult rat chromaffin cells defined immunocytochemically. Ap-
proximately 15% of the cells synthesize predominantly norep-
inephrine. The remaining 85% of the chromaffin cells synthesize
predominantly epinephrine. In addition, of these cells, approx-
imately 40% contain NPY and 10-15% contain L-Enk. A small
subpopulation of PNMT-IR cells contain both NPY and L-Enk.

The adult complement of cell classes appears to be acquired
through a complicated developmental process of neurochemical
induction and regulation. NPY was present in a large proportion
of cells at E15, the earliest time examined. L-Enk and PNMT,
however, were not detected until E16. The proportions of NPY-,

Figure 6. Double immunocytochemical labeling of E20 adrenal gland
for L-Enk and TH. L-Enk-IR (a) was present in approximately 40% of
the TH-IR cells at this age (b). Scale bar, 25 um.

L-Enk-,and PNMT-positive TH-IR cells increased dramatically
between E16 and E20 and remained relatively constant until
birth. The proportions of NPY- and L-Enk-containing chro-
maffin cells on E20-P0 were 2 and 4 times greater, respectively,
than in the adult. During the first postnatal week the proportions
of NPY- and L-Enk-IR chromaffin cells decreased dramatically
to adult values, while the proportion of PNMT-IR cells in-
creased slightly to reach adult values.

The finding that NPY was present in approximately half of
the TH-IR cell population on E15, while L-Enk and PNMT
were not detected until E16 and then only in a small proportion
of cells suggests that the mechanisms responsible for the in-
duction of NPY are different than those for L-Enk and PNMT.
On El35, numerous NPY-IR cells were observed in the sym-
pathetic ganglion primordium from which the cells migrate, the
presumptive migration route, the EAGC and the medial portion
of the adrenal. Thus, in contrast to L-Enk and PNMT, the
induction of NPY in precursor cells occurs before cells invade
the adrenal gland, and the local environment of the adrenal
gland does not appear to be necessary for the initial expression
of NPY. It seems likely that environmental factors present along
the primary neural crest migration route or in the forming sym-



Figure 7. Double immunocytochemical labeling of E16 adrenal gland
for PNMT and TH. PNMT-IR cells (a, arrowhead) were first detectable
at E16. In contrast to later developmental stages, numerous PNMT-
negative, TH-IR cells were present at this time (b, arrows). Scale bar,
25 ym.

pathetic ganglion result in NPY induction in sympathoadrenal
precursor cells, some of which eventually migrate to and reside
in the adrenal gland. The induction of catecholaminergic prop-
erties has previously been attributed to the migratory route and/
or ganglionic environment (Cohen, 1972; Norr, 1973; Le-
Dourain and Teillet, 1974; Teillet et al., 1978; Howard and
Bronner-Fraser, 1985, 1986). It is possible that the same factors
are responsible for the induction of both TH and NPY. At the
time of arrival of precursor cells in the adrenal, however, only
half of the TH-IR cells express NPY-IR. If a common factor is
responsible for the appearance of both, then there may be a
differential lag between induction and expression of the 2 prop-
erties. Alternatively, the possibility exists that the NPY -negative
chromaffin cell precursors might derive from cells which are
initially NPY -positive and subsequently lose this property. The
loss of another phenotypic marker, neurofilament-IR, by chro-
maffin cell precursors has previously been shown in culture
studies (Anderson and Axel, 1986). A final possibility is that
distinct signals with a similar developmental program could
induce TH and NPY.

In contrast to TH and NPY, the initial expression of PNMT
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Figure 8. Double immunocytochemical labeling of P2 (g, b) and adult
(¢, d) adrenal for ChAT and TH. Sparse ChAT-IR preganglionic fibers
(a, arrows) were first detectable on P2 and appeared to be associated
with TH-IR cells (b, arrows). The number and intensity of ChAT-IR
fibers increased during postnatal development until P14, when the pat-
tern of ChAT-IR (c) with respect to TH-IR cell bodies (d) was very
similar to the adult. Scale bar 15 um (a), 25 pm (c).

and L-Enk occurs after precursor cells arrive in the adrenal gland
and is temporally correlated with the large increase in the pro-
duction of glucocorticoids by adrenal cortical cells on E16 (Siedl
and Unsicker, 1989). This correlation raises the possibility that
glucocorticoids may be responsible for the initial expression of
these properties in chromaffin cells. While levels of PNMT and
PNMT catalytic activity are regulated by glucocorticoids in adult
and embryonic chromaffin cells (Wurtman and Axelrod, 1966;
Ciaranello et al., 1978; Bohn et al., 1981, 1982; Teitelman et
al,, 1982; Grotheet al., 1985; Siedl and Unsicker, 1989), it seems
likely that the de nove expression of PNMT is not directly
dependent on glucocorticoids. Experimental treatments that al-
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ter embryonic adrenal glucocorticoid levels in vivo and in vitro
do not cause premature expression of PNMT or, conversely,
delay or prevent its expression (Bohn et al., 1981, 1982; Tei-
telman et al., 1982; Anderson and Michelson, 1989: see, how-
ever Siedl and Unsicker, 1989). Glucocorticoids also appear to
influence enkephalin levels in adult chromaffin cells (Naranjo
et al.,, 1986; La Gamma and Adler, 1987; Stachowiak et al.,
1988). For example, hypophysectomy results in a decrease in
enkephalin levels which can be partially reversed by adminis-
tration of exogenous glucocorticoid (Stachowiak et al., 1988).
The precise role of the pituitary-adrenocortical axis in the reg-
ulation of enkephalin, however, is unclear. Thus, although there
is a temporal correlation between the rise in glucocorticoids and
the appearance of L-Enk, it remains to be determined whether
the presence or absence of glucocorticoids affects the timing and
pattern of the initial expression of L-Enk.

Between E15 and E18, the proportion of chromaffin cells
which contained NPY-IR increased significantly and was then
maintained until birth. The majority of these cells were pref-
erentially located in large clusters which exhibited intense NPY-
IR and less intense TH-IR compared with nonclustered cells.
These clusters form initially in the medial portion of the gland,
an area previously noted by Anderson and Axel (1986) to con-
tain cells expressing SCG-10, a neuronal marker. It is not clear
whether the increase is due to proliferation of NPY-IR cells
within the clusters or recruitment of additional TH-IR precursor
cells into the clusters.

The observation that the most intensely NPY-IR cells were
located in clusters in which the density of cells was greater than
in nonclustered cells raises the possibility that cell—cell contact
plays a role in the regulation of NPY expression. Cell contact
has been shown to affect neurotransmitter properties in cells of
the sympathoadrenal lineage; it increases TH activity in PC-12
and bovine chromaffin cells (Lucas et al., 1979; Acheson and
Thoenen, 1983) and induces choline acetyltransferase and sub-
stance P in sympathetic neurons (Adler and Black, 1985, 1986;
Kessler et al., 1986; Acheson and Rutishauser, 1988). By anal-
ogy, increased cell density, and hence greater cell contact in cell
clusters, could enhance NPY expression; conversely, if the de-
gree of cell contact were reduced, the level of NPY expression
would decline. Of interest is the observation that the dense cell
clusters present in embryonic adrenals elongate and decrease in
packing density during early postnatal development; this cor-
relates temporally with the decrease in the proportion of NPY-
IR cells. Increased cell-cell contact may influence not only the
expression of NPY; it is possible that a number of properties
of the clustered cells are altered by increased contact; that is,
cell clustering may affect the entire phenotypic repertoire of
these precursor cells which includes NPY, rather than being
specific for NPY. This possibility is supported by the obser-
vations of Anderson and Axel (1986), who noted that the clus-
tered cells in early adrenals expressed neuronal markers, while
nonclustered cells did not, suggesting substantial phenotypic
differences between the 2 subpopulations of chromaffin precur-
sors. Further, although there is precedent for cell contact influ-
encing the phenotype of crest-derived cells, it remains to be
demonstrated whether the clustering is the cause or consequence
of the differential expression of phenotypic markers.

Shortly after birth, the proportion of NPY-IR chromaffin cells
decreases to adult values (approximately 40%). The intensely
NPY-IR cell clusters were no longer evident, NPY-IR cells were
evenly distributed throughout the adrenal gland, and the entire

chromaffin cell population was uniformly TH-IR. The temporal
correlation between the decrease in the proportion of NPY-IR
cells and the disappearance of the dense cell clusters, coupled
with the large proportion of cells present in large clusters during
late embryonic development, raises the possibility that changes
in this population of cells account for the postnatal decrease in
the proportion of NPY-IR-producing cells. As discussed above,
changes in cell-cell interactions that regulate NPY expression
could be responsible. Additionally or alternatively, the intensely
NPY-IR cells in the cell clusters could degenerate. Several lines
of evidence (Anderson and Axel, 1986; Stemple et al., 1988;
Henion and Landis, 1989) suggest that the clusters of intensely
NPY-IR cells in the developing adrenal gland represent com-
mitted neuronal precursors. The clustered cells express several
markers that are most commonly expressed by neurons, in-
cluding the neuronal markers B2 and SCG-10 (Anderson and
Axel, 1986), as well as intense immunoreactivity to antibodies
against the surface molecules L1 and NCAM (Henion and Lan-
dis, 1989), and they lack the chromaffin marker, PNMT. Ex-
periments in vitro have shown that when embryonic chromaffin
cells are sorted for the B2-positive, presumably more neuronal
population, significant numbers of cells survive only if grown
in medium containing NGF, which supports the survival of
sympathetic neurons (Anderson and Axel, 1986). Significantly,
Anderson and Axel showed that the majority of these cells die
in medium supplemented with the synthetic glucocorticoid
dexamethasone. Based on these results, we predict that in vivo
the glucocorticoid-rich and NGF-poor local environment of the
adrenal gland is not sufficient to support the long-term survival
of these cells. Given that the clusters contain a majority of the
NPY-IR cells, degeneration of precursor cells in the clusters
could account for the large decrease in the proportion of TH-
IR cells which express NPY. This hypothesis does not, however,
explain the induction and regulation of NPY in the nonclustered
population of chromaffin cells. Finally, disproportionate and
robust cell division in nonclustered chromafin cells, rather than
selective loss of the clustered cell population, could account for
our observations. However, preliminary studies in late embry-
onic and early postnatal animals with bromodeoxyuridine, which
labels dividing cells, indicate that the rate of cell division is
roughly equivalent in clustered and nonclustered populations;
this argues against the selective expansion of the nonclustered
subpopulation. If some or all of the clustered cells die, then it
is likely that proliferative expansion of NPY-IR cells within the
nonclustered subpopulation could generate the NPY -containing
cells of the adult. The facts that NPY-IR nonclustered cells are
only evident later than clustered NPY-IR cells and that they
appear to increase in number with developmental age provide
circumstantial evidence for the generation of a second NPY-IR
subpopulation during late embryonic and early postnatal de-
velopment which replaces the clustered NPY-IR population.
As in the case of NPY-IR, an increase in the proportion of
TH-IR cells which were L-Enk-IR was observed; the proportion
increased to approximately 40% between E16 and E20 and re-
mained constant until birth. In contrast to NPY-IR, L-Enk was
restricted to PNMT-IR cells, which were not included in the
clusters. Shortly after birth, the proportion of L-Enk-IR cells
decreased dramatically to adult values (10-15%). It is possible
that the arrival of preganglionic fibers and/or the onset of im-
pulse activity represents an inhibitory influence on L-Enk
expression and therefore restricts the number of chromaffin cells
which express detectable levels of L-Enk. Surgical denervation



of adult rat adrenal glands via splanchnic nerve transection
results in a dramatic increase in the proportion of L-Enk-IR
chromaffin cells (Schultzberg et al., 1978; Henion and Landis,
unpublished observations). In addition, our preliminary results
indicate that a much greater proportion of chromaffin cells ex-
presses L-Enk-IR in dissociated, and therefore denervated, cell
cultures of P10 adrenal glands than in situ. The postnatal ap-
pearance of preganglionic innervation is consistent with the pos-
tulated role of activity in decreasing the proportion of L-Enk-
IR cells. ChAT-IR nerve fibers were first detected on P2 and
subsequently increased in number and intensity with further
development, although we cannot be sure that the initial de-
tectability of ChAT-IR fibers reflects the arrival of preganglionic
fibers or the onset of impulse activity. Previous studies have
described the presence of axons and occasional primitive syn-
apses as early as E15 (Millar and Unsicker, 1981). At the light
microscopic level, we have not observed any significant inter-
mingling of NF 160-IR fibers with chromaffin precursors until
after birth, suggesting that close apposition of preganglionic fi-
bers with chromaffin cells does not occur prenatally. Consistent
with this interpretation, little or no secretory response was ob-
served in response to reflex stimulation evoked by insulin-in-
duced hypoglycemia prior to one week of age (Lau et al., 1987).
Together with the observations of the initial appearance of ChAT
and L-Enk-IR in preganglionic fibers, it appears that functional
innervation is not established prenatally. If the onset of pre-
ganglionic activity is responsible for the decreased number of
L-Enk cells, given that 10-15% of adult chromaffin cells produce
immunocytochemically detectable levels of L-Enk, then the pat-
tern of innervation or of activity of the preganglionic neurons
would have to be unequal among the chromaffin cell population.

Adrenal chromaffin cells contain 2 different neuropeptides,
NPY and L-Enk, which are not preferentially colocalized in the
adult. Our results indicate that neuropeptide expression occurs
early during the embryonic development of adrenal chromaffin
cells and then undergoes first a striking increase and then a
decrease in the proportion of cells that contain peptide. Previous
studies provide evidence for the existence of distinct develop-
mental mechanisms in the induction of the catecholamine syn-
thetic enzymes, TH and PNMT. The asynchronous appearance
and the topographical segregation of NPY and L-Enk expression
in the developing adrenal gland suggest that both the induction
and subsequent regulation of the neuropeptides NPY and
L-Enk are controlled independently. In addition, the survival
of appropriate precursor cells and the possible death of inap-
propriate ones may have profound implications for the for-
mation of the chromaffin cell population during development.
Thus, a variety of regulatory mechanisms play a role in deter-
mining the mature transmitter phenotypes of even the relatively
simple adrenal chromaffin cell system.
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